Computational prediction of fluid-solid particle interaction in an expansion horizontal channel with wide range of Reynolds numbers. Lagrangian-Lagrangian numerical technique to predict the movement of solid particle. The method is based on mesocale scheme of lattice Boltzmann method for prediction of fluid dynamics and second Newton's law for the dynamics of solid particles. The flow behaviour at the downstream of the expansion channel is critically dependence on the Reynolds number of the flow. The removal percentage of the contaminant critically dependence on the flow structure donwstream of the expansion channel. The strength of recirculation region plays significant role due to the step in the cavity.
INTRODUCTION
Knowledge of the particle motion in fluid flow is central in many natural and industrial applications. Examples are sediment grains in rivers, cloud particles in the atmosphere, fluidized beds and fluid-solid cyclone separators. Comprehending the major mean particlefluid flow phenomena, such as fluid-solid interaction and particles removal or mixing, is crucial for the environmental management and design and operation of such engineering equipment. A major limitation, in the problem of particle motion in fluid flow, is the insufficient information about the interaction between the fluid dynamics parts and solid particle flows. Although there are few fundamental experimental investigations which dictate that formation of vortex enhances the mixing process and strong vortex helps in the process of contaminant removal, more detailed phenomena such as the interaction between the vortex formation and the percentage of contaminant removal and flow parameters on the particles dynamics are still not fully understood.
Hydrodynamics cleaning of components, parts and pipelines has become widely accepted as an alternative method of cleaning process. However, other problems arise when the presence of distinct cavities and steps due to poorly fitted components or connections in the pipelines. These contributed to the accumulation of contaminants and cleaning of these can lead to quite difficult problems. Formation of vortices in cavities or steps can either enhance or prevent the removal of contaminant and depend on various flow parameters and characteristic of the contaminant itself. In order to highlight the relevance of the presence work, a brief review of the major efforts describing the cleaning process is presented.
Till present day, only a few papers have been reported to experimentally investigate this kind of Science Publications AJAS multiphase flow. Due to these reasons, the problem relating to this case still not fully understood. The first experimental work on the fluid-particle interaction was reported by Saffman and Turner (1956) . Their major objective was to identify the possible correlation between the collision rate among the same size of droplets and turbulent intensity in atmospheric clouds. Not much improvement has been made till the works by Abrahamson (1975) who extended the formulation for investigation at high turbulent intensity and without external force. Recently, Tsorng et al. (2006) experimentally investigated various external effects on the trajectories of small particle in shear driven cavity flow. Other experimental works are Adrian (1991) ; Ushijima and Tanaka (1996) ; Ide and Ghil (1997) ; Han et al. (1999) ; Hu (2002) ; Liao (2002) and Matas et al. (2004) .
However, as remarked by Jie et al. (2008) , most of the experimental studies have been limited to relatively simple cases and simple geometries. In real engineering applications, for example, cyclone separator, the chamber is specifically designed so that the vortex flow will induce high pressure gradient and the fluid-solid interaction process in such system is practically unpredictable.
On the other side, numerical research on fluidsolid particles begins immediately after the introduction of computer as a new tool for research activities (Shigeru and Saito, 1970) . Since then, we can see vast of numerical researches on the subject, for example Kosinski et al. (2009); Ilea et al. (2008) ; Sommerfeld (2001) and Sidik and Attarzadeh (2012) .
Recently, lattice Boltzmann method has evolved as a new approach to predict the fluid flow problem (Azwadi and Idris, 2010) . However, the application of lattice Boltzmann method to fluid solid interaction has not attained great success due to the severe numerical instability caused by the different scale condition (Frisch et al., 1986; Azmir and Azwadi, 2009; Wolf-Gladrow, 2000) .
There are two major objectives of the present article. The first is to extend the method for the integration between the meso-scale of LBM and the macro-scale of physical condition. The second objective is to shed the light on the fluid-solid interaction phenomenon that take place in an expansion pipe channel, which has not fully covered in the literature. The numerical scheme is firstly described and then the computational model results are presented and discussed. The parameters of major concern herein are the vortex structure, rate of contaminant removal and the percentage of removal at the steady state.
MATERIALS AND METHODS

Numerical Scheme
Recently, there are a lot of researches applying the Lattice Boltzmann Method (LBM) to study various types of fluid flow problem Azwadi and Ibrahim, 2010; Hall and Fraser, 2006; Azwadi and Syahrullail, 2009 (Jonas et al., 2005) , multiphase (Alapati et al., 2008) , magneto hydrodynamics (Breyiannis and Valougeorgis, 2004) , flow in porous media (Guo and Zhao, 2002) , microchannel flow (Zhang et al., 2005) .
To predict the fluid flow, we consider the lattice Boltzmann Equation (1): ( )
where, eq i f is the equilibrium distribution function. is the lattice velocity and i is the lattice direction, t is the relaxation times of the particle distribution functions, respectively. The macroscopic variables such as the density and fluid velocity can be computed in terms of the particle distribution functions as in Equation (2):
The equilibrium distribution functions are given as in Equation (3) 
where, ω is the weight function (Mussa et al., 2011) .
Problem Physics
The physical domain of the problem is represented in Fig. 1 . The inlet center velocity was varied to give the Reynolds number ranges from 100-600. A swamp of solid particle was located just downstream of the expansion step as in Fig. 1 . In the present investigation, we only consider one way interaction which the presence of solid particles gives no effect to the fluid flow. The equation of motion for solid particles is written as in Equation (4):
The drag force in the above equation can be expressed as Equation (5 and 
here Re p is the Reynolds number of solid particle. In the present analysis, since we are coupling the macroscopic unit for solid particle and mesoscopic unit for lattice Boltzmann formulation, it is crucial to understand the relationship between these two different scales of units. For the present system, the Reynolds number of the particle must be set the same both in lattice Boltzmann formulation and actual physical flow as in Equation (7):
Here, the subscripts L and R denote the variables in lattice units and physical units, respectively. Hence, the actual time must be converted from lattice time to physical time as in Equation (8)
RESULTS
In the present analysis, the transient hydrodynamic removal of solid particles from in an expansion channel is presented. In the simulation, the Reynolds number was set up at three different values (100, 400 and 600) which are based on the maximum inlet flow velocity and the channel height.
Figure 2-4 shows how the process of solid particle removal which initially trapped behind the step in horizontal pipe. As demonstrated by the figures, the highest rate of removal occurs on the early formation of vortex downstream the expansion step. Then, when the recirculation region is shaped, it trapped some of the particles until steady state is achieved.
Reynolds number also plays significant effect on the percentage of particle removal from the cavity. These are presented in Fig. 5 , where the comparisons of removal percentage are made for three Reynolds numbers. Higher value of Reynolds number results in bigger vortex size downstream the expansion. This will drag the solid particles at the lower region nearer the walls and due to the inertia force, these particles are flushed to the downstream channel. However, even at the highest Reynolds number in the present study, the maximum percentage of removal is quite low which is around 55%. 
DISCUSSION
For the all cases, we can see at steady state condition, the remaining particles are still trapped near the walls downstream the expansion. These particles can be further removed by introducing the buoyancy force on the particles. This can be done by heating up the bottom wall to induce diffusion effect on the fluid as proposed by Chilukuri and Middleman (1983) . Further discussion on this subject will be our next research topic.
CONCLUSION
Numerical computations of transient hydrodynamics of solid particles were performed using the LagrangianLagrangian scheme. The lattice Boltzmann method has been coupled with the second Newton's law to predict the dyanmics of solid particles.
The combination of scheme is applied to a twodimensional fluid-solid particle in expansion horizontal channel at three different Reynolds numbers. Results show that the proposed scheme method produce reasonably accurate results at low Reynolds numbers and stable results at medium Reynolds numbers. Extension to three-dimensional prediction of the geometry will be our next research topic.
